Introduction
Recent advances with genetically modified T cells have led to promising cellular therapies, including engineering T cells to express chimeric antigen receptor (CAR) for cancer treatment (1, 2) . Conventional T cells expressing surface CARs have been directed to specific selected antigens expressed by neoplastic cells, inducing antigen-mediated immune responses, such as tumor regression and elimination (3, 4) . Using this approach, CAR T cells have emerged as a new therapy for several hematologic cancers and have ushered in a new era for CAR-based cancer immunotherapy (5) (6) (7) (8) .
Recently, CAR technology has also been investigated for modulating immune responses in nonneoplastic disease settings (9) . CD4 + CD25 + FoxP3 + Tregs are a subpopulation of T cells that can suppress conventional CD4 + and CD8 + T cell (Tcon) proliferation, and the function of multiple other immune cell types, to govern physiological immune responses. Tregs have been engineered to express CARs, with the aim of suppressing antigen-specific immune responses in different diseases (10, 11) . The use of Treg adoptive transfer in preclinical models and in human subjects has been effective in preventing graft-versus-host disease (GvHD), a life-threatening complication of hematopoietic stem cell transplantation involving donor cell-mediated immune attack of host tissues (4, (12) (13) (14) (15) (16) . However, major challenges to the clinical implementation of Treg-based therapies remain. These include (a) a need for Treg targeting to tissue sites of immune attack, thereby limiting "off-target" effects; (b) a requirement for Treg activation to enhance their function; and (c) a need for expansion of functional Tregs, which constitute a relatively rare circulating population (15, (17) (18) (19) .
Previous CAR T and Treg strategies have involved expression of an external targeting scFv antibody-binding domain fused with internal signaling domains of the costimulatory factors CD28 and CD3ζ. There is some evidence that CD28 costimulation of Tregs can modulate their activation, and recent studies suggest that CD28/CD3ζ internal stimulatory domains can enhance Treg function (20) .
Here, we used transient T cell genetic engineering to permit expression of a CAR in Tcons and Tregs that bind antibodies conjugated in the Fc region with FITC (hereafter called "mAbCAR" T cells).
Cellular therapies based on permanent genetic modification of conventional T cells have emerged as a promising strategy for cancer. However, it remains unknown if modification of T cell subsets, such as Tregs, could be useful in other settings, such as allograft transplantation. Here, we use a modular system based on a chimeric antigen receptor (CAR) that binds covalently modified mAbs to control Treg activation in vivo. Transient expression of this mAb-directed CAR (mAbCAR) in Tregs permitted Treg targeting to specific tissue sites and mitigated allograft responses, such as graft-versus-host disease. mAbCAR Tregs targeted to MHC class I proteins on allografts prolonged islet allograft survival and also prolonged the survival of secondary skin grafts specifically matched to the original islet allograft. Thus, transient genetic modification to produce mAbCAR T cells led to durable immune modulation, suggesting therapeutic targeting strategies for controlling alloreactivity in settings such as organ or tissue transplantation.
This permitted efficient modular use of previously characterized mAbs conjugated with FITC that (a) bound mAbCAR, (b) activated T cell function in vitro and in vivo, and (c) promoted homing of T cells expressing mAbCAR to specific antigens and cells. We used the mAbCAR approach in transplantation models to direct Tcon and Treg homing after adoptive transfer in order to modulate and control GvHD while maintaining graft-versus-tumor (GvT) effects. In mice, mAbCAR-expressing Tregs directed to MHC-mismatched pancreatic islet allografts prolonged allograft survival and elicited alloantigen-specific tolerance to secondary skin grafts. This work highlights the flexibility and the immune modulatory properties of mAbCAR Tregs in controlling alloreactivity and suggests these cells could be developed for translational purposes in T cell-based immunotherapies and tolerance induction.
Results

A flexible mAb-directed CAR to generate T cells and Tregs.
To exploit the exquisite specificity of mAbs, we built a CAR that could be activated by binding to mAbs. To do this, we generated a CAR (clone 1X9Q) that specifically binds FITC, a standard mAb molecular conjugate. Briefly, we fused an anti-FITC scFv portion to murine CD28 and CD3ζ costimulatory domains and named this synthetic receptor "mAbCAR" (Figure 1 , A and B). To facilitate detection of mAbCAR expression, we also incorporated the FLAG immunoepitope in mAbCAR ( Figure 1A ). CD28 is a costimulatory molecule widely tested in CAR T cell function (21, 22) , with established roles in suppression by Tregs (20) .
We used transient transfection to express the genomic DNA plasmid transgene encoding mAbCAR in primary T cells and Tregs. Transfection efficiency and surface expression kinetics were assessed by flow cytometric analysis by incubating FITC-conjugated isotype control mAb and an anti-FLAG mAb and quantifying + T cells, we assessed the expression of T cell activation markers by flow cytometry. We found that the transient transfection of the CAR construct with or without temporary incubation with FITC-conjugated mAb caused the same statistically significant upregulation of the activation marker CD69 as well as PD1 and LAG3 ( Figure 2A , P = 0.01). Thus, in a very simplified in vitro system, mAbCAR T cells were nonspecifically activated in response to transfection and antibody coating. Further, using SPADE analysis after mass cytometry (23), we found that FITC-mediated activation was more pronounced in the effector memory subpopulations of both the observed CD4 + FoxP3 neg and CD4 + FoxP3 + (Treg) mAbCAR T cells (Supplemental Figure  1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92865DS1). After demonstrating that transfection and coating of FITC-conjugated mAb itself activates T cells equally independent of mAb used, we next evaluated how the specificity of mAbCAR T cells targeting influenced effector activity using FITC-conjugated mAb against MAdCAM1, a known cell-surface integrin mainly expressed in the endothelium of the gut and secondary lymphoid tissues, such as lymph nodes and spleen (24, 25) . MAdCAM1 is also expressed by a small subset of primary splenocytes, and we used these as target cells for assaying MAdCAM1-mAbCAR T cells. We compared purified mAbCAR T cells incubated with FITC-conjugated MECA-367, a mAb specific for MAdCAM1, to T cells incubated with FITC-conjugated isotype control (KLH/G2a-1-1) mAb. After coculture of mAbCAR T cells with syngeneic C57BL/6 (H-2 b ) mouse splenocytes that contain subsets of cells expressing the CAR construct with bound antibody targeted against MAdCAM1, we found that MAdCAM1-mAbCAR T cell activation, as quantified by expression of CD25 and CD69, was greater than activation of isotype-mAbCAR T cells ( Figure 2B ). Moreover, a higher percentage of MAdCAM1-mAbCAR T cells acquired an effector memory phenotype (CD44 . These findings suggest that activated mAbCAR T cells can be directed by mAbs that specifically bind cell surface antigen, and this interaction causes activation to persist in a complex in vitro system involving multiple splenocyte cell populations.
mAbCAR Tcon targeting directs T cell localization and modulates GvHD. T cell homing dynamics after adoptive transfer are critical for the development of GvHD, and tissue-specific T cells have been shown to play a crucial role in GvHD pathophysiology (26, 27) . Thus, as an important initial test of our approach, we evaluated whether transient expression of our mAbCAR could durably influence T cell reconstitution after hematopoietic stem cell transplantation and mitigate GvHD severity. We hypothesized that targeting different cell surface antigens would produce distinct patterns of tissue localization by activated mAbCAR T cells, and we used in vivo bioluminescent imaging (BLI) after adoptive transfer to track luciferase-expressing (luc + ) mAbCAR T cells. MAdCAM1 is expressed by the gut endothelium and has important roles in GvHD development and lethality (28, 29) . By contrast, SDF1 (also known as CXCL12) is expressed in the bone marrow, spleen, and liver but not in the gut (30) . Moreover, we did not detect expression of either MAdCAM1 or SDF1 on our mAbCAR T cells by flow cytometry. Thus, we evaluated mAbCAR T cells preincubated with anti-MAdCAM1 antibody or with anti-SDF1 antibody. ) recipients. All the mice reached complete donor engraftment. Compared with untransfected control Tcons, in vivo imaging showed that MAdCAM1-mAbCAR Tcons had similar gut bioluminescence intensity. In contrast, SDF1-mAbCAR Tcons showed a distinct pattern of localization to other organs, including liver, spleen, and bone marrow ( Figure 3, A and B) . SDF1-mAbCAR Tcon recipient mice had significantly improved GvHD scores ( Figure 3C ) and weight profiles (data not shown, P < 0.01, Student's t test at days +7, +11, and +14 after transplant) compared with mice that received MAdCAM1-mAbCAR Tcons or control mice. Moreover, while there were lasting differences in clinical outcome between SDF-1-and MAdCAM1-directed Tcons, FACS analysis of mAbCAR Tcons reisolated after transfer showed that they almost completely lost mAbCAR expression and did not reveal detectable differences in production of surface homing molecules, such as CXCR4, CXCR5, CD62L or LPAM1, by CD4 + and CD8 + T cell subpopulations (Supplemental Figure 2) . Together our findings suggest that specific antibodies and mAbCAR T cells can be used to direct T cell tissue localization after adoptive transfer to modulate GvHD outcomes. + T cells (red), CD4 + T cells that were mock transfected (black), and CD4 + T cells that were transfected with mAbCAR construct (gray). Reported results derive from 3 independent experiments. Two-tailed Student's t test; mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001. (B) Activation of mAbCAR T cells in vitro is target specific. mAbCAR T cells loaded with FITC-isotype control mAb or FITC-anti-MAdCAM1 mAb and cultured for 1 day with irradiated cell suspension derived from syngeneic spleen where MAdCAM1 was also expressed. CD25 and CD69 surface expression was measured by flow cytometry. Reported results derive from 3 independent experiments. Two-tailed Student's t test; mean ± SEM; *P < 0.05; **P < 0.01. In cancer therapeutics, GvT effects are an important therapeutic goal of adoptive T cell transfer, but it has been unclear whether GvT activity was affected in mAbCAR Tcons. To assess this, SDF1-mAbCAR Tcons or isotype-mAbCAR Tcons were transferred into transplanted allogeneic BALB/c mice that also received an intravenous infusion of luc + A20 leukemia cells. Compared with control mice that received only A20 cells and died because of tumor progression, mice that received A20 cells and isotype-mAbCAR Tcons cleared the tumor but quickly died because of GvHD. Mice that received A20 cells and SDF1-mAbCAR Tcons cleared the tumor, had reduced GvHD, and had a better overall survival ( Figure 4B ). Likewise, we did not detect significant differences in T cell receptor (TCR) repertoires of the mAbCAR-transduced populations versus sham-transduced Treg populations ( Figure 4C ). Together, our findings suggest Tregs expressing mAbCAR retain hallmark Treg phenotypes.
We next evaluated if transfection and incubation with FITC-conjugated mAbs would activate Tregs. Using flow cytometry, we found that Tregs that expressed the mAbCAR construct alone and were coincubated with FITC-conjugated mAbs showed increased surface expression of the activation marker CD69 at 6 hours. While increased expression of CD69 persisted at 24 hours for mAbCAR Tregs without exposure to mAb, there was a statistically significant increase in CD69 expression in mAbCAR Tregs coincubated with FITC-conjugated mAb ( Figure 4D ). The same was observed for PD-1 expression but not LAG3 expression ( Figure 4D ). Activation of mAbCAR Tregs with FITC-conjugated antibodies in vitro led to significantly enhanced TCR-dependent proliferative responses following T cell activation in response to anti-CD3/CD28 beads ( Figure 4E ). The enhanced activation of Tregs was independent of the type of FITC-conjugated antibody used, indicating that our system could be used to investigate the effects of antibody binding specificity and targeting. These results also suggest that mAbCAR stimulation of Tregs does not induce anergy, but rather augments TCR-mediated expansion. Since polyclonal Tregs can activate in response to distinct allogeneic antigens and potentially become alloantigen specific, our findings are consistent with the possibility that mAbCAR stimulation could facilitate or rapidly accelerate the onset and persistence of alloantigen Treg recognition and activity.
To test if the enhanced capacity to activate and proliferate conferred by mAbCAR might alter the suppressive capacity of Tregs, we assayed Treg suppression of Tcon proliferation. As expected, Tregs suppressed the proliferation of Tcons (activated by anti-CD3/CD28 beads) in a dose-dependent manner. We observed that, while mAbCAR Tregs showed a slightly reduced suppressive capacity in comparison to untransfected Tregs when used at low Treg/Tcon ratios, regardless of the presence of FITC antibodies, all the different Treg groups exerted a strong suppressive effect on Tcon proliferation at all the tested ratios ( Figure 4F ).
To assess the suppressive capacity of mAbCAR Tregs in vivo, we adoptively transferred donor mAbCAR Tregs (exposed to FITC-MAdCAM1 antibody or FITC-isotype-control antibody) from C57BL/6 mice into lethally irradiated allogeneic BALB/c recipients prior to allogeneic donor Tcon and TCD BM. Both MAdCAM1-and isotype-mAbCAR Tregs were able to effectively prevent GvHD, and their efficacy was comparable to untransfected Tregs in terms of prolonged mouse survival ( Figure  4G ). Together, our findings confirm that cardinal Treg functions are maintained in mAbCAR Tregs and activated by FITC-conjugated antibodies.
Allogeneic islet tolerance induced by mAbCAR Tregs directed against islet alloantigen. Based on our findings, we postulated that mAbCAR could be used to target Tregs to transplanted allogeneic pancreatic islets and protect them from allograft rejection. We transplanted allogeneic luc Figure 6E ). In evaluation of splenocytes at day +10 after islet transplantation and adoptive transfer of H-2D d -mAbCAR Tregs, we found that Tregs showed a trend toward an increased expression of markers, such as CD69 and CD25, consistent with a highly activated status ( Figure 6F ). However, as expected, FLAG immunoepitope expression by Tregs was undetectable by immunostaining, confirming loss of expression of the original FLAG-tagged mAbCAR construct. Thus, Tregs unexpectedly localized to allografted islets long after transduced Tregs lost mAbCAR expression (see Figure 1E ). Thus, despite transient mAbCAR expression, we observed evidence of prolonged mAbCAR Treg localization and suppressive Treg function.
mAbCAR Tregs acquire antigen specificity after adoptive transfer in vivo. Based on observations here of (a) durable peripheral tolerance to allogeneic islets after mAbCAR Treg transfer and (b) proliferation of mAb-CAR Tregs upon TCR stimulation, we hypothesized that H-2D d -mAbCAR Tregs might foster antigen-specific peripheral tolerance of tissue allografts by Tregs. To test this, we evaluated survival of secondary skin grafts, a rigorous assay of peripheral tolerance in this setting. Specifically, we grafted skin on C57BL/6 albino mice 30 days after they had received allogeneic BALB/c islets and recipient-derived H-2D d -mAbCAR Tregs or BALB/c islets and isotype-control mAbCAR Tregs. Each albino C57BL/6 recipient mouse then received two skin grafts, one from an allogeneic BALB/c moue (that was H-2D d , MHC matched with the previous islets) and one from allogeneic FVB/n mice (not MHC matched with the previous islets and therefore "third party"). Mice that previously received isotype-mAbCAR Tregs showed quick rejection of both the skin grafts, but mice that were infused with H-2D d -mAbCAR Tregs showed a statistically significant prolonged survival of only the MHC-matched BALB/c-derived skin grafts, measured in a blinded fashion ( Figure 7) . Histology of the skin grafts at 2 weeks after skin transplantation showed the MHC-matched BALB/c grafts that lacked detectable signs of rejection compared with the "third-party" grafts (Supplemental Figure 4) . These data further demonstrate that H-2D ANOVA test with Bonferroni post-test; mean ± SEM; ***P < 0.001. (D) mAbCAR T cells mediate graft-versus-tumor effects. Tumor growth analyzed by BLI in lethally irradiated BALB/c mice that received allogeneic C57BL/6 TCD BM and luc + A20 alone (black), luc + A20 and allogeneic isotype-mAbCAR Tcons (gray), or luc + A20 and allogeneic SDF1-mAbCAR Tcons (blue). One representative of two consecutive experiments is reported; at least 3 mice/group were used. Twotailed Student's t test; mean ± SEM; ***P < 0.001. (E) mAbCAR T cells eliminate tumor in vivo. Representative bioluminescent images of lethally irradiated BALB/c mice that received allogeneic C57BL/6 TCD BM and luc + A20 alone, luc + A20 and isotype-mAbCAR Tcons, or luc + A20 and SDF1-mAbCAR Tcons at day +7, +14, and +21 after transplant. One representative of two consecutive experiments is reported; at least 3 mice/group were used. (F) SDF1-directed mAbCAR T cells enhance survival. Survival of lethally irradiated BALB/c mice that received irradiation alone (black circle), allogeneic C57BL/6 TCD BM (black squares), TCD BM + luc + A20 alone (white squares in black), TCD BM + luc + A20 + allogeneic isotype-mAbCAR Tcons (red triangles), TCD BM + luc + A20 + allogeneic SDF1-mAbCAR Tcons (white circles in blue). One representative of two consecutive experiments is reported; at least 3 mice/group were used. Log-rank survival test; *P < 0.05 for differences between the groups that received luc + A20 alone and luc + A20 + allogeneic SDF1-mAbCAR Tcons. Figure 5) . Together, our data strongly suggest that mAbCAR and similar approaches could be used to promote, target, and enhance Treg function and peripheral immune tolerance induction, with striking improvements in tissue or organ allograft survival.
Discussion
The genetic modification of T cells to direct their activation to specific targets in vivo has become a successful strategy for cancer immunotherapy, but relatively less is known about how adoptive transfer of activated CAR T cells or Tregs might influence the recipient immune system in clinical settings such as GvHD or allotransplant tolerance. For example, while studies suggest that human Tregs could be effectively converted to CAR Tregs to target allogeneic cells that express HLA-A2 (12, 31, 32) very little is yet known about how CAR Tregs might alter immune responses or their interplay with antigen-specific tolerance. In one study, the adoptive transfer into mice of human CAR Tregs targeted to factor VIII reduced immune reactivity against factor VIII, even after adoptively human CAR Tregs were cleared by the recipient murine immune system. This might suggest that a transient intervention with CAR Tregs could have lasting antigen-specific suppression (27) . To address these questions, we developed a system for expressing a CAR (mAbCAR) that binds to FITC and activates Treg functions, enabling flexible, modular targeting. Based on reliable, covalent coupling of FITC to mAbs, we tested and identified multiple antibodies that permitted both targeting and activation of T cells and Tregs. A similar approach was recently reported by Tamada et al. (33) and Ma et al. (34) to potentiate anticancer effects of T cells (35, 36) .
Here, we used multiple systems to demonstrate that the introduction and transient expression of a CAR construct in adoptively transferred Tcons or Tregs permitted remarkable experimental control of T cell localization and activity. This improved outcomes of experimental disease models in mice, including GvHD, GvT effect, and tissue allograft tolerance. For example, expression of the mAbCAR construct that directed T cell activation modulated the severity of GvHD. mAbCAR Tregs maintain their suppressive phenotype and function (Figure 4 ), including suppression of Tcon proliferation both in vitro and in vivo. Mice that received CAR T cells directed to activate at the site of the gut (MAdCAM1) showed lethal gut GvHD, while those that received CAR T cells directed to activate mainly within the bone marrow compartment (SDF1) showed less GvHD, without impairing GvT responses or bone marrow engraftment. Thus, directing in vivo-infused Tcons away from GvHD targets (e.g., gut mucosa) results in reduced GvHD lethality. It is striking that transient transfection of a fraction of donor T cells could have a lasting effect on T cell reconstitution and GvHD; this suggests possible ways forward for T cell engineering in hematopoietic cell transplantation paradigms. GvHD was not completely abrogated by the infusion of transiently transfected mAbCAR T cells directed against SDF1. We speculate that this reflects that (a) not every T cell was transfected and (b) some transfected T cells might circulate to other sites losing expression of mAbCAR. It will be useful to test if transfer of purified mAbCAR Tregs could further potentiate mAbCAR Treg ability to suppress gut GvHD.
In preclinical GvHD models, adoptive transfer of polyclonal CD25 + Tregs has been associated with improved antigen-specific tolerance (37, 38) , but these models depend upon impractically high doses of Tregs that have yet to be achieved in human translational science. Moreover, evidence is lacking from clinical trials that improved antigen-specific tolerance may result from Treg transfer. Immunotherapy with polyclonal Tregs has multiple challenges, including (a) a lack of mechanisms to "target" cells to sites of inflammation, (b) inactivation of suppressive functions and possible conversion to proinflammatory cells at Downloaded from http://insight.jci.org on February 3, 2018. https://doi.org/10.1172/jci.insight.92865 these sites, and (c) short-lived antigen-specific immune protection (15) . Our studies provide evidence that genetically modified CAR Tregs could be used to overcome each of these problems. Our findings also raise the possibility that additional regulatory immune cell populations, including invariant natural killer T cells (39) , Tr1 cells (40) , and others, could be used in mAbCAR-based approaches.
While the use of transient transfected T cells has been explored in preclinical models and early-phase clinical trials, there is a lack of comprehensive reporting of the activation of T cells by the methodology of cell transduction or possibly by tonic background activation by the CAR internal stimulatory domain. As others have already shown (41), we observed that transient transfection of Tcons can activate T cells for 6-24 hours at least, and we report that this is true for Tregs as well. Interestingly, at 24 hours, our mAbCAR Tregs responding to FITC-conjugated mAb showed greater expression of CD69. This suggests that differences in the underlying biology of Tregs would cause them to respond to or depend upon CAR stimulation differently than Tcons.
To evaluate the use of CAR Tregs in islet transplantation, we investigated the effect of transient expression of CAR in Tregs directed to MHC mismatch in islet allografts. In clinical settings, such as leukemia, the relentless growth of target cells justifies use of stably transduced CAR T cells. However, we postulated that stable transduction using viral vectors or other strategies may not be practical for immunomodulation in settings, such as allograft tolerance. For example, polyclonal Treg subsets could become persistently activated and too immunosuppressive. Surprisingly, we found that Treg localization and allograft tolerance persisted long after the transient expression of the CAR construct. Even more remarkably, the one-time introduction of transiently expressing CAR Tregs resulted in antigen-specific peripheral tolerance, as MHC-matched secondary skin grafts were accepted, while "third-party" grafts were rejected. These results are particularly relevant, as they were observed in mice that received a skin graft 3 weeks after the previous islet transplant when Treg expansion had already occurred and when Tregs had completely lost the mAbCAR expression. Therefore, mAbCAR-mediated transient binding induces antigen specificity that persists, even if the initiating mAbCAR function itself is lost. H-2D d -mAbCAR Tregs did not protect "third-party" grafts from rejection, but they tended to prolong their survival (P > 0.05, Figure 7C ), possibly because of the efficient in vivo Treg expansion that occurred in this setting over time ( Figure 6, A and B) . Our findings suggest that transient transfection of Tregs might be useful for immunosuppression while avoiding complications of Treg overactivation. Moreover, these results set the basis for further studies that might evaluate if a mAbCAR Treg-based approach could be suitable to ameliorate islet graft function and improve treatment of diabetes.
The basis for peripheral tolerance after transient mAbCAR induction in T cells is unclear. Since polyclonal Tregs may activate in response to specific allogeneic antigens and potentially become alloantigen specific, we speculate that mAbCAR stimulation may facilitate the formation of peripheral tolerance by somehow facilitating alloreactive Tregs, although further studies are required to assess this possibility.
We also observed that mAbCAR Treg-targeting luc + allogeneic pancreatic islets showed an unexpected and significant increase in BLI signal from the grafts that started in the very first days after transplant. Multiple cellular mechanisms could account for an improvement in this signal, including the possibility raised by others that the presence of a Treg-induced cytokine environment could promote both engraftment and islet β cell proliferation (42, 43) . If so, this opens the exciting possibility that CAR Tregs could provide multiple signals to improve islet transplantation outcomes.
The use of mAbs to direct CAR T cells is an area of active investigation, and the approach could have a number of pitfalls. For example, FITC could be immunogenic in humans (44) , thereby limiting use of mAbCAR targeting for clinical translation. If so, antibody-tagging systems (e.g., nanocapsules, DNA bridges, Fc-tagging sequences) that proved to be safe in different clinical applications could be adapted for overcoming this possible limitation. Moreover mAbCAR T cell activation via mAb could induce relevant side effects in the clinical setting (e.g., cytokine release syndrome). Our work demonstrates that in vitro preincubation of mAbCAR T cells with FITC mAb is feasible and effective in mouse models and that it may reduce the risk of such adverse events as early products of activation (e.g., inflammatory cytokines) are washed away before cell infusion. Studies in the human setting will help to understand the translational potential of this approach.
In summary, we describe a flexible, modular system for modifying CAR T cells that allows targeted homing to specific antigens and cells and activation of in vivo functions. In mice, this system was useful for targeting inflammation and achieving durable antigen-specific immune protection of tissues, including allografted pancreatic islets. Future uses of mAbCAR Treg strategies in humans could address persistent, urgent problems in clinical medicine needing targeted immunomodulation and preservation of tissue survival and function.
Methods
Mice. We performed experiments using gender-matched 8-to 16-week-old mice. BALB/c (H-2 d ), C57BL/6 (H-2 b ), and FVB/N (H-2 q ) mice were purchased from Jackson Laboratories. luc + BALB/c mice were generated as described and were raised in the Stanford Animal Facility (45) . C57BL/6 albino FoxP3 mutant mice expressing luciferase and GFP (FoxP3 luc/GFP ) were a gift from Günter J. Hämmerling (German Cancer Research Center DKFZ, Heidelberg, Germany) and bred in our animal facility.
Cell isolation. For CD4 + and/or CD8 + T cells, we obtained cell suspensions from splenocytes and peripheral lymph node cells of donor animals, and we enriched them with anti-CD4 and/or anti-CD8 magnetic-activated cell sorting (MACS; Miltenyi Biotec).
For TCD BM, we flushed long bones by injecting PBS, after which we depleted T cells with anti-CD4 and anti-CD8 MACS beads.
For Tregs, we obtained pooled cell suspensions from spleens and lymph nodes, stained them for CD25-allophycocyanin (APC) (PC61, Biolegend) and CD4 (GK1. For mass cytometry, we used the antibody list as previously reported (46) . For intranuclear factors, we used the anti-mouse/rat FoxP3 Staining Set (eBioscience) and for staining dead cells we use Cisplatin (Sigma-Aldrich). Analysis was performed on Cytof, and data were analyzed through Cytobank as previously described (47) .
In vitro cell culture. Tregs or Tcons have been plated in 96-well or 48-well flat-bottom plates containing cRPMI, IL-2 (50 IU/ml for Tcons; 1,000 IU/ml for Tregs), and anti-CD3/CD28 beads (Dynabeads, Invitrogen, 1:10 bead/cell ratio for Tcons; 1:2 bead/cell ratio for Tregs). Tcons have been cultured for 2-4 days, washed, and then transfected. Tregs have been cultured for 18 consecutive days, checked every 6 days for purity by FACS analysis (CD4 6 TCD BM cells from allogeneic C57BL/6 mice. GvHD was induced with 1 × 10 6 Tcons from C57BL/6 mice injected at day 0. Transplanted animals were kept in autoclaved cages with antibiotic water or antibiotic food (sulfamethoxazole-trimethoprim; Schein Pharmaceutical). C57BL/6 Tregs were injected at different time points and at different doses, as reported. For BLI analysis of cell proliferation luc + Tcons or Tregs have been used accordingly. In the tumor model with the A20 leukemia cell line, luc + 2 × 10 5 /mouse A20 cells were injected together with TCD BM after lethal irradiation. Mice received different mAbCAR Tcon populations, as reported, and tumor growth was assessed in vivo by BLI. In vivo BLI was performed as described with an IVIS 29 charge-coupled device imaging system (Xenogen) (13) . Images were analyzed with Living Image Software 4.3.1 (Xenogen). Mouse survival was reported, and mice were weighed weekly and the GvHD scores were calculated (48, 49) .
Measurement of phosphorylation of STAT5. FACS-purified, in vitro-expanded, and transfected Tregs were cultured overnight in complete RPMI without IL-2 supplementation. The cells were then washed in PBS (ThermoFisher). Phosphorylation of STAT5 was detected as described previously (47) . Briefly, the cells were pulsed with 0, 100, 1,000, and 2,000 IU/ml recombinant IL-2 (rIL-2, Teceleukin, Hoffmann-La Roche) for 15 minutes before fixation with 4% paraformaldehyde (Sigma-Aldrich). Perm Buffer III from BD Biosciences was used for permeabilization. The following antibodies were used: Alexa Fluor 647-conjugated anti-STAT5 (pY694, BD Biosciences), Brilliant Violet 650-conjugated anti-CD4 (RM4-5, Biolegend), allophycocyanin cyanine 7-conjugated anti-CD25 (PC61, Biolegend), anti-FoxP3 (FSK-16s, Biolegend), phycoerythrin-conjugated anti-DYKDDDDK TAG (L5, Biolegend). Data were collected on a FACSAria (BD), and the data were analyzed using FlowJo Vx software (Treestar). TCR repertoire sequencing and data processing. Total RNA was isolated from both transfected and untransfected Tregs with the Qiagen RNeasy Micro Kit. Rapid amplification of 5′ complementary DNA ends (5′RACE) was employed to capture VDJ genes of TCRβ. Briefly, first-strand cDNA was generated by Superscript II reverse transcriptase with oligo-dT30 (ThermoFisher) and a universal oligo was added to the 5′end of mRNAs (50) . cDNA was then amplified with a TCRβ primer (5′-GGGTGGAGTCACATTTCTCAGATCCT) from a constant region and the 5′end universal primer (5′-AAGCAGTGGTATCAACGCAGAGT). The library was constructed with KAPA Hyper Prep Kits (Kapa Biosystems). The sequencing was carried out with a 500-cycle MiSeq Reagent Kit v2 on a illumina Miseq machine. After removing primer sequences, we used MiXCR (51) for VDJ rearrangement analysis and determined complementarity-determining region 3 (CDR3). CDR3 amino acid sequences and frequency were summarized from MiXCR outputs.
Mouse islet transplantation. For islet transplantation experiments, 100 mouse islets from 2-to 4-monthold donors aged were transplanted per recipient mouse. Islets were resuspended in cold Matrigel and transferred into the renal capsular space of host animals using a glass microcapillary tube. Transplant recipients were 2-to 4-month-old male mice and were anesthetized using ketamine/xylazine. Appropriate depth of anesthesia was confirmed by lack of toe-pinch response. After 2 weeks, kidneys with grafts were removed, fixed in 4% paraformaldehyde and processed for cryosectioning and immunohistology.
Immunostaining of islet transplant grafts. Primary antibodies used were guinea pig polyclonal anti-insulin (1:200, Dako, A0564), and secondary antibody used was donkey anti-guinea pig (1:500, Jackson Immunoresearch, 706-605-148). Samples were imaged using an SP2 confocal microscope with a ×40 objective.
Antigen specificity response after in vivo FITC-H-2D d -mAbCAR Treg transfer.
To analyze the antigen-specific response, mice received a secondary double skin graft MHC matched with the previously transplanted pancreatic graft (BALB/c) and "third-party" (FVB/N). All animals were anesthetized with ketamine/xylazine at 21 days after pancreatic islet transplantation. Under sterile conditions, MHC-matched and "third-party" skins (1 cm × 1 cm) were transplanted in dorsal site and sutured (4-0 Safil Violet, B. Braun). Buprenorphine (0.05 mg/Kg) was administered subcutaneously as analgesia before and after skin transplantation every 24 hours. Double skin graft survival was monitored in mice that received pancreatic islet graft and no Treg treatment (skin MHC matched with islet graft, skin "third party"), mice that received pancreatic islet graft and FITC-isotype-mAbCAR Tregs (skin MHC matched with islet graft, skin "third party"), and mice that received pancreatic islet graft and FITC-H-2D d -mAbCAR Tregs (skin MHC matched with islet graft, skin "third party"). Signs of onset of rejection, such as dryness, loss of hair, contraction, scaling, and necrosis were recorded for a period of time of 21 days after transplantation. Grafts were considered rejected when necrosis and detachment of the graft was observed. At this point, the animals were euthanized, and histological analysis of skin grafts by hematoxylin and eosin and CD4 staining was performed.
Statistics. Log-rank test was used to detect differences in animal survival (Kaplan-Meier survival curves), while weight variation and GvHD score were analyzed with ANOVA test. All other comparisons were performed with the 2-tailed Student's t test. P < 0.05 was considered statistically significant.
Study approval. All animal experiments were performed in accordance with guidelines from the Stanford University Institutional Animal Care and Use Committee, and the study was approved by the Administrative Panel on Laboratory Animal Care, Stanford, California, USA.
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